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a b s t r a c t

We have designed and fabricated two-color infrared light emitting diode (LED) emitting in the wave-
length regions of 3–4 lm and 5–10 lm. The interband cascade (IC) LED device was grown on n-type GaSb
substrate and has 30 cascaded stages for the long-wave infrared (LWIR) and 15 cascaded stages for the
mid-wave infrared (MWIR) emission bands. The two active regions are separated by a 0.5 lm thick con-
tact layer, which is used for biasing the two LEDs. Both room temperature and cryogenic temperature
results show emission in the wavelength regions as designed.

Published by Elsevier Ltd.

1. Introduction

There exists a large demand for efficient, broad spectrum
infrared light sources for various military and commercial sensor
applications. For example, IR light emitting sources are the heart
of the hardware-in-the-loop (HWIL) application for IR scene gen-
eration experiments [1]. In HWIL application infrared light
sources like polysilicon resistor array and LED array are used to
create an artificial battle field environments infrared scene which
then projected to IR sensors to evaluate their performance. This
process is also called as HWIL testing in synthetic environments.
Because of considerable advantages in terms of cost, volume, long
term reliability, and fast switching speed, IR LEDs are desirable
for this and many other applications. Quantum cascade structures
had great success as lasers in the infrared but have the problem
of fast phonon relaxation, which limits their possible use as LEDs.
Type-II Interband quantum cascade structures were proposed as a
means to circumvent these fast phonon relaxation rates. Type-II
Interband cascade (IC) electroluminescence in the 5–8 lm spec-
tral region from an LED structure was first reported by Yang et
al. [2]. Type-II Interband cascade structures have the added
advantages of carrier recycling and of emission either parallel or
perpendicular to the surface. Recently, we reported the fabrica-
tion and operation of LED arrays in the 3–4 lm and 8–10 lm
wavelength regions [3,4]. However, many biological and chemical
sensor applications require efficient IR light sources emitting over
broad spectral regions covering both MWIR and LWIR spectral

bands [5,6]. Another important application of two-color LEDs is
in testing multi wavelength IR sensors in HWIL scene projection
experiments. We present in this paper the performance of a sin-
gle LED device emitting light in both the MWIR and LWIR spectral
regions. Two wavelength bands of LED emission are carefully cho-
sen to be below and above atmospheric spectral band (5–7 lm)
where most of the IR sensors are used. Multi wavelength IR sen-
sors can be evaluated using single LED device with multi wave-
length emission.

2. Device fabrication

The IC LED structure was grown by molecular-beam epitaxy on
an n-type GaSb substrate. After growing a 1.0 lm thick p+ GaSb
bottom contact layer, the LWIR IC LED structure was grown con-
taining a 30 period active/injection region. Next, a 0.5 lm thick
p+ GaSb middle contact layer was grown followed by the MWIR
IC LED structure containing a 15 period active/injection region.
Finally a 1.4 lm p+ GaSb top contact layer and grating host layer
was grown. Each active/injection strain-compensated period
includes an asymmetric InAs/Ga1�xInxSb/InAs ‘‘W” quantum well
preceded by an n-type digitally graded InAs/AlSb superlattice
injector. The details of the band structure are presented in an
earlier publication [3].

The LED fabrication process starts with reactive ion etching of a
top grating which consists of a circular grating pattern with a 5 lm
pitch and 50% duty cycle (along the radial direction). The grating
etch depth was 1.0 lm. The grating structure is used to increase
the detected signal which is due to the scattering of light out of
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the mesa more efficiently, and is not of specific interest to the pres-
ent study of two-color IR LED emission. Regions of the middle and
bottom contact layers were exposed and individual 100 lm �
100 lm MWIR/LWIR LED mesas are isolated from other pixels in
the array using a two mask photolithography process. The etch
depths of the middle and bottom contact layers are 2.6 and
4.5 lm, respectively. Silicon nitride dielectric is deposited by the
PECVD technique at 250 �C, and contact windows are opened
in the dielectric on the top, middle, and bottom contact layers.
Ti/Au metal contacts were then deposited for all three contact
pads. A schematic diagram of the LED device’s cross-section is
shown in Fig. 1.

3. Results and discussion

In Fig. 2, we show the Fourier transform infrared (FTIR) emis-
sion curves for a single, two-color LED device at two temperatures.
We used an FTIR spectrometer in single beam mode and an exter-
nal HgCdTe detector to obtain the emission spectra. For the MWIR
spectra we applied a positive bias to the top metal contact with the
middle contact grounded. We applied a 40 mA pulsed current with
a 3 ls pulse width and 50% duty cycle to obtain the spectra. For the
LWIR spectra we applied a positive bias to the middle contact layer
with the bottom contact layer grounded. Each spectrum was taken
by subtracting background spectra measured with the device off.
The MWIR and LWIR spectra for room temperature device opera-
tion peak at 3.8 and 8 lm, respectively. For cryogenic operation,
the emission peaks shift to shorter wavelengths of 3.2 and 7 lm
for the MWIR and LWIR devices, respectively. The emission spec-
trum of the LWIR device at 196 K mostly overlaps with the atmo-
spheric absorption region of 5–7 lm. Hence we observed noise as
well as low intensity in the LWIR spectra at 196 K.

The current–voltage (IV) curves at two different temperatures
are shown in Fig. 3. As expected, the voltages across both devices
are lower at room temperature (298 K) than at cryogenic temper-
atures. Moreover, the increase in voltage when reducing the tem-
perature to cryogenic temperatures is higher for the LWIR device
than for the MWIR device. This is consistent with significantly
higher current leakage in the LWIR diode compared to the MWIR
diode. Also the slopes of the IV curves at lower current are different
for the two devices implying significantly lower leakage current for
the MWIR device at both measurement temperatures. The increase
in voltage drop at cryogenic temperatures may be due the reduc-
tion in Auger recombination process [7].

Light was collected and collimated by a 2-in.-aperture lens with
a focal length of 2-in. A 1-in. focal length lens was used to focus the
light onto a HgCdTe detector. We observed maximum light output
for an injection current of pulse width 3 ls and 50% duty cycle.
Hence these parameters were fixed at those values for subsequent
measurements with different injection currents. We have mea-
sured and found that the LED light emission has a Lambertian
angular distribution. Hence, required corrections due to emission
in a 2p steradian solid angle and reflection from lens surfaces were

Fig. 1. Schematic diagram of LED structure with two IC stages separated by a
contact layer.
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Fig. 2. Infrared spectra of MWIR and LWIR devices at two temperatures.
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Fig. 3. Current versus voltage curves for LWIR and MWIR devices at room
temperatures.
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Fig. 4. Optical power versus current of the MWIR and LWIR devices.
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made to convert the detector lock-in signal to a total output power.
In Fig. 4, we present optical output power versus LED injection cur-
rent (LI) for both the MWIR and LWIR devices at two temperatures.
The total output power increases with injection current and attains
saturation at higher current values. This can be attributed to more
thermal leakage and other possible non-radiative carrier recombi-
nation processes that are enhanced at higher active region temper-
atures [8]. A large increase in light intensity (�doubling) is
observed by cooling the device from room temperature to 196 K
as the LED becomes progressively a more idealized type II hetero-
junction emitter. Compared to the MWIR device, the LWIR device
experiences a more dramatic increase in light intensity at low tem-
perature. This may also be due to the fact that at room temperature
non-radiative recombination processes have an enhanced effect on
the LWIR device, which has a significantly lower band-to-band
transition energy compared to the MWIR device. We also observed
saturation of LI curves at lower currents for the MWIR device com-
pared to the LWIR device. The optical power output is higher for
the MWIR device (approaching 1 mW) compared to the LWIR de-
vice (a few lW). As is evident from Fig. 3, the increase in voltage
across the LWIR device at cryogenic temperatures is higher than
that of the MWIR device. Likewise, we observed a higher increase
in output power for the LWIR device (Fig. 4) compared to the
MWIR device.

The MWIR IC structure is placed on top of the LWIR IC structure
because the MWIR region is transparent to light from the LWIR
layer, whereas the reverse is not true. The peak emission wave-
lengths for MWIR and LWIR devices at room temperature agree
well with the design wavelengths of 3.8 and 8 lm, respectively.
At low temperatures, the peak emission wavelength shifts to short-
er wavelength due to the increase of bandgap values [7]. The peak
power of the LWIR spectrum at 196 K is lower than that at room
temperature. This may be due to the fact that the plotted signal
(Fig. 2) is obtained using background subtraction from the rela-
tively low intensity LED emission superimposed on the large atmo-
spheric absorption background signal. We used rapid scan FTIR
equipment for obtaining LED spectra and hence could not subtract
for each individual spectral bands. However we believe if a step
scan FTIR is used it may be possible to accurately determine the ef-
fect of background signal for atmospheric absorption window in
LWIR spectra. For top IC region MWIR device, the room tempera-
ture spectra range between 3 and 5 lm. Similarly for LWIR bottom
IC region device the room temperature spectra range is between 6
and 9 lm. Hence by suitable bias of either top or bottom IC region,
one can get either MWIR or LWIR light emission respectively. Also
by applying ground bias to bottom of the LWIR IC region and posi-
tive bias to top MWIR IC region, one can get simultaneous MWIR
and LWIR emission (not shown here). This simultaneous two color
emission is useful for many sensor applications which require light
source with broad emission spectra. As expected, the turn-on volt-
age of the LWIR device is less than that of the MWIR device as it
depends on the energy of photon emission. For both devices, the
voltage drops increase considerably with a temperature reduction
indicating a decrease of some parasitic processes with decreasing
temperature [9]. The optical output power characteristics from IC
LED devices depend on many factors such as design and growth

parameters, processing techniques, device temperature, carrier
relaxation mechanisms, and radiative recombination [10] phenom-
ena. The details of the observed electroluminescence depend upon
the competition between these processes. The injection current
values corresponding to peak power at different temperatures
are characteristics of the QW structure and device size. For higher
injection currents above the peak emission value, various non-
radiative processes including phonon relaxation processes become
dominant [11] and optical power decreases. The large increase in
optical power at cryogenic temperature (Fig. 4) may be due to a
reduction in auger recombination process at lower temperatures
[12,13].

In summary, we have shown here two-color IR emissions from a
single device with independent biasing conditions. We have shown
two wavelength bands of LED emission, but in principle multi
wavelength IR emission is possible by appropriate design of the
multiple IC epi structures. Such a device could be used in many
biological and chemical sensor applications which require light
sources with broad emission spectra.
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